The spliceosome uses numerous strategies to regulate its function in mRNA maturation. Ubiquitin regulates many cellular processes, but its potential roles during splicing are unknown. We have developed a new strategy that reveals a direct role for ubiquitin in the dynamics of splicing complexes. A ubiquitin mutant (I44A) that can enter the conjugation pathway but is compromised in downstream functions diminishes splicing activity by reducing the levels of the U4/U6-U5 small nuclear ribonucleoprotein (snRNP). Similarly, an inhibitor of ubiquitin's protein-protein interactions, ubistatin A, reduces U4/U6-U5 triple snRNP levels in vitro. When ubiquitin interactions are blocked, ATP-dependent disassembly of purified U4/U6-U5 particles is accelerated, indicating a direct role for ubiquitin in repressing U4/U6 unwinding. Finally, we show that the conserved splicing factor Prp8 is ubiquitinated within purified triple snRNPs. These results reveal a previously unknown ubiquitin-dependent mechanism for controlling the pre-mRNA splicing pathway.
Noncoding introns are removed from pre-mRNAs by the spliceosome through two sequential transesterifications (reviewed in ref. 1). The spliceosome is composed of five small nuclear RNAs (snRNAs) and more than 100 proteins, some of which associate with individual snRNAs to form snRNP particles 1 . During each round of splicing, the spliceosome recognizes splice-site sequences within the pre-mRNA and assembles on the substrate through extensive rearrangements of its components. To ensure successful splicing, these rearrangements are highly coordinated and seem to be driven by DExD/H-box ATPases 2 .
According to the classical model of spliceosome assembly 1 , binding of the U1 snRNP to the conserved 5¢ splice site (5¢ ss) commits a premRNA to splicing, and the U2 snRNP then binds to the intronic branch site to form the pre-spliceosome. The U4/U6-U5 triple snRNP (in which the U4 and U6 snRNAs are extensively base paired) is then added, forming a catalytically inert complex. For activation, both the U4/U6 duplex and the U1-5¢ ss interactions are disrupted in favor of alternative interactions to generate the active spliceosome. The ensuing catalytic steps of splicing are then followed by mRNA release and spliceosome disassembly. Sequential rearrangements of components occur on the pre-mRNA and seem to be driven by specific ATPases that are modulated by other factors in the spliceosome, such as Prp8 (ref. 3) and Snu114 (ref. 4) . A prevailing theme in spliceosome dynamics is the fluidity of protein-protein interactions, which can be regulated by phosphorylation 5 and potentially by other posttranslational modifications such as ubiquitination.
Ubiquitination of proteins is brought about by the sequential action of three classes of enzymes: an ATP-dependent ubiquitin-activating enzyme (E1 or Uba), a ubiquitin-conjugating enzyme (E2 or Ubc) and a ubiquitin ligase (E3; reviewed in ref. 6 ). E3 enzymes attach ubiquitin to target proteins, nearly always via an isopeptide bond between the C terminus of ubiquitin and the side chain amino group of a lysine residue 6 . Ubiquitin functions in many diverse cellular processes 7 in addition to its canonical role in targeting proteins to the proteasome 8 . Similarly to phosphorylation, ubiquitination serves as an efficient regulatory signal because the extent and timing of ubiquitination can be modulated by the balanced action of E3 ubiquitin ligases and deubiquitinating enzymes 9 . In addition, by virtue of variable polyubiquitin chain linkages and sites of target modification, ubiquitination can confer versatile topological surfaces on the modified protein, thus affecting its function. The regulatory roles of ubiquitin generally require the recognition of ubiquitin-target protein conjugates by ubiquitin binding domains (UBDs) 10 .
Indirect evidence has led to speculation that ubiquitin may regulate splicing. For example, ubiquitin and ubiquitin-like proteins have been shown to copurify with splicing complexes 11, 12 ; conversely, ubiquitinated splicing factors have been identified in a proteomic screen 13 . The essential splicing factor Prp19 and its human ortholog contain a U-box domain with E3 ubiquitin ligase activity in vitro 14, 15 , although specific target proteins have not been reported. Several other domains related to the ubiquitin pathway have been identified in important spliceosome proteins [16] [17] [18] [19] , and one such domain (the Jab1/MPN domain of the essential U5 snRNP component Prp8) 20, 21 shows ubiquitin binding activity 16 . Finally, in fission yeast, deletion of the hub1 gene (which encodes a ubiquitin-like protein) leads to splicing defects 22 . Although these observations suggest that ubiquitin and related proteins function in splicing, the specific mechanisms by which ubiquitin regulates the spliceosome are undefined. This has been challenging to study, owing in part to the dynamic nature of the splicing machinery and the pleiotropic influence of ubiquitin on numerous cellular processes.
To study the function of ubiquitin in pre-mRNA splicing, we have used an in vitro strategy in budding yeast that uncouples splicing from other cellular pathways. We have used two independent means to disrupt ubiquitin recognition by UBDs in splicing extracts, and in both cases spliceosome function is blocked. The in vitro splicing defects can be traced to a common, essential step in spliceosome assembly, namely the maintenance of U4/U6-U5 triple snRNP levels through regulation of U4/U6 duplex unwinding. Purified U4/U6-U5 particles show accelerated U4/U6 unwinding activity when ubiquitin recognition is blocked or when ubiquitin conjugates are removed, indicating that ubiquitin has a direct role in maintaining the U4/U6-U5 triple snRNP by repressing U4/U6 unwinding. Finally, we show that Prp8 is present as a ubiquitin conjugate in affinity-purified particles enriched for triple snRNPs, suggesting that ubiquitin modifies the ability of Prp8 to regulate the U4/U6 unwinding activity of Brr2 (ref. 3) . Because U4/U6 unwinding events in the triple snRNP and in the assembled spliceosome are thought to share a common mechanism 4, 23, 24 , our results suggest a similar function for ubiquitin in governing U4/U6 unwinding during spliceosome activation.
RESULTS

A ubiquitin mutant inhibits splicing in vitro
To investigate the role of ubiquitin in pre-mRNA splicing, we devised a new approach that tests the requirement for ubiquitin-UBD interactions in vitro. Most known ubiquitin-UBD interactions involve a specific hydrophobic patch on the surface of ubiquitin (reviewed in ref. 10 ). Ile44 is a crucial residue within this patch, because I44A mutant ubiquitin is severely impaired in most ubiquitin-UBD interactions tested to date 10, 16 . The ubiquitin-conjugation machinery is capable of attaching I44A ubiquitin to protein targets in two reported cases 25 , indicating that at least a subset of ubiquitination factors can use I44A ubiquitin as a substrate. We reasoned that the conjugation of I44A mutant ubiquitin to potential target proteins could disrupt spliceosome function at any point that requires the recognition of a ubiquitin conjugate by a UBD.
In budding yeast, the I44A ubiquitin mutation is lethal 26 , so to deplete and reconstitute ubiquitin in extract we used a strain in which all ubiquitin molecules carry N-terminal hexahistidine (His 6 ) and myc-epitope tags 27 . We made splicing extract from this strain and then depleted ubiquitin from the extract using nickelnitrilotriacetic acid (Ni 2+ -NTA) chromatography. This technique succeeded in removing most ubiquitin from the extract, although small amounts remained (Fig. 1a) . The partially ubiquitin-depleted extract retained splicing activity, and the addition of purified recombinant wild-type ubiquitin had no appreciable effect (Fig. 1b,  lanes 1 and 2, and Fig. 1c) . In contrast, the addition of equivalent amounts of I44A ubiquitin resulted in a substantial decrease in splicing activity in vitro (Fig. 1b, lane 3, and Fig. 1c ). This inhibition was observed at I44A ubiquitin concentrations as low as 0.5 mM (data not shown). Splicing was also substantially inhibited by I44A ubiquitin in extracts that were not depleted of endogenous ubiquitin ( Supplementary Fig. 1 online) . The I44A ubiquitin was conjugated to proteins in a crude splicing extract, although at a slightly lower efficiency than for wild-type ubiquitin ( Supplementary  Fig. 2 online) . The ability of the ubiquitin-depleted extract to splice (Fig. 1b, lane 1) could be due to the presence of the residual endogenous ubiquitin (Fig. 1a) , given that ubiquitin is present in an approximately 100-fold excess over most splicing factors in yeast cells 28 .
To determine whether the inhibitory activity of I44A ubiquitin requires entry into the target conjugation pathway, we expressed and purified recombinant I44A ubiquitin that lacked the C-terminal tail. Mutations in these tail residues do not affect the folding of ubiquitin's globular domain 29 , but the 'tailless' deletion nonetheless abolishes conjugation to target proteins 26, 30 . The splicing inhibition caused by the I44A mutation was completely alleviated by the removal of the mutant protein's C-terminal tail (DCtail; Fig. 1b , lane 4, and Fig. 1c) . Thus, the simple presence of high levels of the I44A mutant ubiquitin globular domain is not sufficient to inhibit splicing. These results strongly indicate that I44A ubiquitin entry into the target conjugation pathway is required for its effect on spliceosome function. This could be due to dominant interference of the I44A ubiquitin with the target conjugation pathway itself, or to a failed interaction between an I44A ubiquitin-target protein conjugate and a spliceosomal UBD. Either way, the results suggest a functional role for ubiquitination in the pre-mRNA splicing pathway. The proteasome inhibitor MG132 (ref. 31 ) had no effect on Figure 1 A mutant form of ubiquitin (Ub) inhibits pre-mRNA splicing activity in vitro. (a) Splicing extract from a Saccharomyces cerevisiae strain expressing His 6 -myc-tagged ubiquitin was depleted of ubiquitin by Ni 2+ affinity chromatography. Ubiquitin levels before and after depletion were assayed by probing a western blot with anti-myc antibodies. Hexokinase (below) was used as a control. (b) Ubiquitin-depleted splicing extract was used in 30-min in vitro splicing assays following the addition of wild-type and mutant forms of ubiquitin, as specified above each lane. Each 'DCtail' mutant had a four-amino-acid truncation at its C terminus to prevent entry into the target conjugation pathway. The mobilities of premRNA, splicing intermediates and splicing products are indicated on the right. (c) Data from b and two equivalent splicing experiments were quantitatively analyzed with a PhosphorImager, and splicing efficiency (defined as (spliced products + splicing intermediates)/total radiolabeled RNA, normalized to the nonsupplemented extract) was plotted. The identities of the added ubiquitin derivatives are given at the bottom. Error bars indicate the range of the three experiments. Supplementary Fig. 4 online) confirmed the identities of the complexes observed in Figure 2a . Removal of the C-terminal tail from I44A ubiquitin relieved the block (Fig. 2b , lanes 3 and 4, and Supplementary Fig. 4 ), suggesting that I44A ubiquitin entry into the target conjugation pathway stalls assembly at the B complex. The I44A ubiquitin could inhibit pre-spliceosome maturation by preventing the formation of functional U4/U6-U5 triple snRNP or by blocking the stable addition of correctly preformed triple snRNP to the B complex.
I44A ubiquitin interferes with U4/U6-U5 accumulation
To determine whether the spliceosome assembly defect induced by I44A ubiquitin is due to a defect in the U4/U6-U5 triple snRNP, we assayed U4/U6-U5 levels in the presence of I44A ubiquitin in vitro.
Splicing extract prepared from a strain expressing triple-HA-tagged Prp8 (Prp8 3HA , a stable component of the U5 snRNP and the U4/U6-U5 triple snRNP 32 ) was incubated with wild-type or I44A ubiquitin in the presence of ATP (to allow ubiquitin activation) and then immunoprecipitated with anti-HA monoclonal antibodies. Immunoprecipitated RNAs were then used as templates in reverse-transcription reactions with radiolabeled primers specific for the U1, U2, U4, U5 and U6 spliceosomal snRNAs. As shown in Figure 3 , substantial amounts of the U4, U5 and U6 snRNAs were found in the immunoprecipitates in the absence of exogenous ubiquitin or in the presence of exogenous wild-type ubiquitin (lanes 3 and 4). When I44A ubiquitin was included, however, little U4 and U6 snRNA was present in the pellet, even though U5 snRNA levels were undiminished (Fig. 3 , lane 5). These results indicate that stable U4/U6-U5 triple snRNP (but not the Prp8-containing U5 snRNP) fails to accumulate in the presence of I44A ubiquitin. U4/U6-U5 levels are not affected by I44A ubiquitin lacking the C-terminal tail (data not shown), indicating that conjugation is required for the inhibitory effect of I44A ubiquitin. Endogenous annealed U4/U6 snRNAs were readily detected in the presence of I44A ubiquitin ( Supplementary Fig. 5 online), suggesting that the triple snRNP defect is not due to a prior defect in U4/U6 di-snRNP formation or stability.
Ubistatin A mirrors the effects of I44A ubiquitin To provide independent evidence of a role for ubiquitin in spliceosome assembly, we sought an alternative approach that did not rely upon the apparent dominant-negative effect exerted by mutant ubiquitin. For this we turned to ubistatin A, a small molecule that Figure 2 The U2 snRNP-containing pre-spliceosome accumulates in the presence of I44A ubiquitin. (a) Radiolabeled pre-mRNA was incubated in splicing extract for 30 min, and the assembled complexes were then analyzed by native gel electrophoresis. The mobilities of H (nonspecific), B (U2), A2 (U2-U4/U6-U5 and U2/U6-U5), and A1 (U2/U6-U5) complexes are indicated on the right. The kinetically distinct A2-1 and A2-2 complexes 47 were not resolved in this experiment. inhibits protein degradation by the proteasome 33 . Ubistatin A binds in the vicinity of the I44-containing hydrophobic surface of ubiquitin 33 , thereby disrupting ubiquitin's protein-protein interactions. As anticipated from our earlier results, in vitro splicing was strongly inhibited by ubistatin A solubilized in DMSO (Fig. 4a, lane 5) , but not by DMSO alone (lane 3). Nearly complete inhibition was observed in crude splicing extracts at ubistatin A concentrations of 15-20 mM (Fig. 4a , lane 5, and data not shown). The inhibitory effect of ubistatin A could be relieved by preincubation with a three-fold molar excess of K48-linked tetraubiquitin chains (Fig. 4a, lane 7) , indicating that the inhibition is in fact due to ubistatin A rather than any potential contaminant. Preincubation with an excess of monoubiquitin was much less effective at blocking ubistatin A's inhibitory effect (Fig. 4a , lane 6), consistent with the lower affinity of ubistatin A for monoubiquitin than for K48-linked chains 33 . Ubistatin A does not block ubiquitin conjugation to the one target protein that has been examined thus far 33 , suggesting that it is more likely to affect the downstream recognition of ubiquitin-target protein conjugates. Although the levels of ubistatin A required to inhibit splicing are approximately 30-fold greater than those required to inhibit proteasomes 33 , this higher concentration requirement could reflect that (i) ubistatin A is inhibiting an intramolecular interaction in splicing (see below), rather than an intermolecular interaction, and (ii) ubistatin A binds to K48-linked polyubiquitin more tightly than to monoubiquitin or other types of ubiquitin chains, which may be the relevant forms of ubiquitin in the spliceosome (see below). Our observation that ubistatin A inhibits splicing greatly strengthens the conclusion that ubiquitin recognition is important for pre-mRNA splicing. To determine whether the inhibitory effect of ubistatin A on splicing was due to a reduction in the triple snRNP, we analyzed U4/U6-U5 levels in the presence of ubistatin A. We immunoprecipitated Prp8 3HA from splicing extracts and then monitored the coimmunoprecipitation of spliceosomal snRNAs by primer extension. Figure 4b shows that ubistatin A in DMSO caused a dramatic decrease in U4 and U6 snRNA co-immunoprecipitation in the presence of ATP (lanes 6 and 7) whereas DMSO alone had no effect (lane 13). These results corroborate our earlier conclusion that ubiquitin recognition is important for maintaining steady-state triple snRNP levels in the presence of ATP (Fig. 3) .
In yeast splicing extracts, the U4, U5 and U6 snRNAs (and their associated proteins) undergo continuous ATP-dependent cycling between the U4/U6-U5 triple snRNP and the dissociated particles 4, 23, 34 . We therefore used the co-immunoprecipitation and primer extension assay to test whether ATP was required for the loss of stable U4/U6-U5 triple snRNP in the presence of either I44A ubiquitin or ubistatin A. To deplete ATP after ubiquitin conjugation, we first incubated splicing extract with ubiquitin and endogenous ATP to allow ubiquitin activation; only then did we deplete the reactions of ATP by the addition of glucose. Control experiments confirmed the conjugation of exogenous ubiquitin in the crude extract under these conditions (data not shown). Figure 4b shows that ATP depletion results in stable U4/U6-U5, even in the presence of I44A ubiquitin (lane 10) or ubistatin A (lanes 11 and 12), indicating that the loss of U4/U6-U5 induced by these agents requires ATP. Affinity-purified triple-snRNP particles formed under these conditions are competent to disassemble upon readdition of ATP (see below), demonstrating that they were not inactivated irreversibly by these treatments. These results indicate that I44A ubiquitin and ubistatin A modulate an ATP-dependent phase of the triplesnRNP cycle.
Ubiquitin recognition represses U4/U6-U5 disassembly Because I44A ubiquitin and ubistatin A decrease U4/U6-U5 levels at steady state (Figs. 3 and 4) , the lower U4/U6-U5 levels may result from a reduction in the rate of triple snRNP formation, an increase in the rate of ATP-dependent triple snRNP disassembly or both. Triple snRNP disassembly requires U4/U6 unwinding, a reaction that is promoted by the DExD/H-box ATPase Brr2 (refs. 4,23,35,36) and regulated by the GTPase Snu114 (ref. 4) ; in its GTP-bound state, Snu114 promotes unwinding and, in its GDP-bound state, represses unwinding. Additionally, U4/U6 unwinding is regulated by the ubiquitin binding protein Prp8 (refs. 3,16,37 ). 8 and 9 ). In lanes 6-9, the ubistatin A or DMSO was preincubated with monoubiquitin or K48-linked tetraubiquitin chains before addition to the splicing extract. The mobilities of pre-mRNA, splicing intermediates and splicing products are indicated on the right. (b) Splicing extract from a strain expressing a triple-HAtagged U5 snRNP component (Prp8 3HA 12) . A parallel control immunoprecipitation from an isogenic untagged strain is shown in lane 14.
In lanes 8-12, ATP was depleted after an initial 10-min incubation in the presence of endogenous ATP to permit ubiquitin activation. Extracted RNAs were used as templates in reverse-transcriptase reactions with radiolabeled primers specific to the U1, U2, U4, U5 and U6 snRNAs. The mobilities of the primer extension products are indicated on the right. 
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To investigate whether U4/U6 unwinding is downregulated by ubiquitin, we tested whether I44A ubiquitin promoted U4/U6 unwinding in triple snRNP particles affinity-purified using TAPtagged Brr2. Specifically, we allowed conjugation of I44A mutant or wild-type ubiquitin to targets during a preincubation in extract then purified the triple snRNP using IgG-Sepharose and assayed for U4/U6 unwinding by native gel analysis 4 . Indeed, the time required for unwinding decreased at least three-fold following preincubation with I44A, as compared to preincubation without ubiquitin or with wild-type ubiquitin (Fig. 5a, lanes 1-5 and 21-25, Fig. 5b and data not shown). We also assayed for derepression of U4/U6 unwinding after repressing unwinding with GDP (ref. 4 ) and found that preincubation with I44A ubiquitin but not wild-type ubiquitin derepressed U4/U6 unwinding (Fig. 5a, lanes 6-10 and 26-30 , and Fig. 5b ). In contrast, tailless I44A ubiquitin did not derepress U4/U6 unwinding (Fig. 5a, lanes 36-40) , indicating that derepression by I44A ubiquitin requires conjugation to a target. These data suggest that an interaction between ubiquitin and a UBD maintains triple snRNP levels by repressing U4/U6 unwinding.
Because the above experiment does not rule out an indirect effect of I44A, we next tested whether a ubiquitin-UBD interaction repressed U4/U6 unwinding directly. Indeed, using triple snRNPs assembled in vivo and purified using TAP-tagged Prp28 (ref. 4) , the time required for U4/U6 unwinding decreased approximately ten-fold in the presence of ubistatin A (Supplementary Results and Supplementary  Fig. 6a-d online) . Ubistatin A was also able to partially reverse the repression of U4/U6 unwinding by GDP ( Supplementary Fig. 6e,f) . Moreover, U4/U6 unwinding was similarly derepressed by pretreating purified triple snRNPs with the general deubiquitinating cysteine protease, USP2 (Fig. 5c,d ). When U4/U6 unwinding was repressed by GDP, USP2 derepressed U4/U6 unwinding by approximately 20-fold (Fig. 5c) . Derepression by USP2 was eliminated by pretreating USP2 with ubiquitin aldehyde, a potent and specific inhibitor of this class of deubiquitinating enzymes 38 (Fig. 5c,d) . Additionally, the effect of USP2 on U4/U6 unwinding is subject to partial product inhibition by excess free ubiquitin and is inhibited by iodoacetamide, which alkylates cysteines ( Supplementary Fig. 7 online) . These data confirm that ubiquitin stabilizes the triple snRNP by downregulating U4/U6 unwinding. Furthermore, these data show that strong repression of U4/U6 unwinding requires both GDP and ubiquitin recognition. Most notably, these data demonstrate that triple snRNP dynamics are controlled by ubiquitin directly and imply that an intrinsic component of the triple snRNP is ubiquitinated.
Identification of Prp8 as a ubiquitin conjugate
To identify ubiquitin conjugates within U4/U6-U5 triple snRNP particles, we generated a strain in which Brr2 was TAP-tagged at its C terminus and ubiquitin was His 6 -and myc-tagged. We affinitypurified U4/U6-U5 particles, denatured the resulting samples in 8 M urea and selected ubiquitin conjugates with Ni 2+ -NTA resin. The resulting proteins were then identified by MudPIT (multidimensional protein identification technology) analysis. In our first experiment, we recovered the ubiquitin conjugates from the Ni 2+ -NTA resin by lowpH elution and trichloroacetic acid (TCA) precipitation and then analyzed tryptic digests of the eluate in duplicate using tandem MS. We then repeated the purification and analysis but trypsinized the Figure 5 Conjugated mutant I44A ubiquitin or the deubiquitinating cysteine protease USP2 derepresses U4/U6 unwinding in purified U4/U6-U5 snRNPs. (a) Extract from a strain expressing TAP-tagged Brr2 (yJPS776) was incubated with wild-type or I44A ubiquitin in the presence of ATP to allow conjugation; glucose was then added to deplete ATP, and the U4/U6-U5 particle was immunopurified and assayed for U4/U6 unwinding. Cold-phenol-extracted RNA was fractionated by native gel electrophoresis and the U4 and U6 snRNAs were detected by northern blotting as described 4 . The mobilities of annealed U4/U6 (corresponding to the triple snRNP) and free U4 and U6 (corresponding to the free U4 and U6 snRNPs) are indicated on the left. Reactions were incubated with ATP; with or without GDP; and with or without wild-type, tailless wild-type (Ubiquitin DCtail), mutant (I44A) or tailless mutant (I44A DCtail) ubiquitin, as indicated. (b) Data from a and a replicate experiment were quantified and plotted as shown. Error bars represent the range of the two experiments. (c) U4/ U6-U5 particles were immunopurified from a Prp28-TAP strain (yJPS1004). The triple snRNP was preincubated with 2.5 mM of the ubiquitin deconjugating enzyme USP2 and in the indicated reaction USP2 itself was preincubated with 2.5 mM ubiquitin aldehyde, a USP2 inhibitor. All reactions were initiated with ATP, and GDP was included or omitted as indicated. U4/U6 unwinding was assayed as described 4 Ni 2+ -bound proteins directly on the Ni 2+ -NTA resin to bypass the low-yield TCA-precipitation step. Only one known splicing factor, Prp8, was reproducibly detected: 8 unique Prp8 peptides (from 10 total spectra combined from duplicate analyses) were identified in the first preparation, and 13 unique Prp8 peptides (from 14 total spectra) were identified in the second preparation. The total number of unique Prp8 peptides from all analyses was 18, which represents 7.6% sequence coverage of this B280-kDa protein (Supplementary Table 1 online). Notably, no Prp8 peptides were identified in parallel samples from a negative control BRR2-TAP strain expressing untagged ubiquitin. Peptides from Prp43 and Brr2 were also identified at low levels in at least one MS run, but these identifications were not reproducible across all of our MS analyses.
To confirm the ubiquitination of Prp8, we repeated the purification but analyzed the material bound to Ni 2+ -NTA resin by probing a western blot with antibodies against Prp8 (Fig. 6 ). With triple snRNPs purified from isogenic strains expressing either tagged or untagged ubiquitin, a protein of the expected mobility was detected (lanes 1 and  3) . However, subsequent denaturing purification with Ni 2+ -NTA resin yielded detectable Prp8 from only the strain expressing tagged ubiquitin (lanes 2 and 4) . In contrast, Brr2-TAP, which was detected in purified triple snRNPs, was not observed in either Ni 2+ -NTApurified sample (data not shown), establishing the specificity of the purification. These results confirm our conclusion that Prp8 is ubiquitinated within the U4/U6-U5 triple snRNP and (together with our earlier experiments) argue strongly that Prp8 ubiquitination, and the subsequent recognition of the Prp8-ubiquitin conjugate, lead to the repression of Brr2's ATP-dependent U4/U6 unwinding activity.
DISCUSSION
We have used a new strategy to show that a ubiquitin mutant (I44A) with diminished capacity for protein-protein interactions strongly inhibits pre-mRNA splicing in vitro. This inhibition can be rescued by removing the C-terminal tail of the I44A mutant ubiquitin, indicating that I44A ubiquitin inhibits splicing through its conjugation to a target protein. Further analysis of the splicing defect revealed that I44A ubiquitin diminishes steady-state levels of the U4/U6-U5 triple snRNP, which in turn stalls spliceosome assembly at the B complex (prespliceosome). Corroborating these results, ubistatin A, which binds to the I44-containing surface of ubiquitin 33 , mimics the apparent dominant-negative effect of the mutant ubiquitin. Furthermore, the reduction in U4/U6-U5 triple snRNP levels in both cases can be attributed to an acceleration of U4/U6 unwinding that is likely to result from occlusion of conjugated ubiquitin. Moreover, pretreatment of purified U4/U6-U5 triple snRNPs with the deubiquitinating enzyme USP2 similarly accelerates U4/U6 unwinding, providing further evidence that ubiquitin represses U4/U6 unwinding directly. Indeed, a triple snRNP component (Prp8) that is already implicated in controlling U4/U6 unwinding 3,16,37 is ubiquitinated in affinitypurified particles, suggesting a specific mechanism by which ubiquitin 250 kD Anti-Prp8 Figure 6 Affinity-purified U4/U6-U5 triple snRNPs contain Prp8-ubiquitin conjugates. U4/U6-U5 triple snRNP particles were immunopurified from a Brr2-TAP strain expressing wild-type ubiquitin (Ub, yJPS1274) or His 6 -myctagged ubiquitin (His 6 -myc-Ub, yJPS1275). Following TEV elution, the purified snRNPs were bound to Ni 2+ -NTA under denaturing conditions. The Ni 2+ -NTA-bound material (Bound), as well as one-tenth of the TEV eluates that were used in the Ni 2+ -NTA purification (10% input), were separated on a 4-20% protein gel and subjected to western analysis using antibodies against Prp8. Mobilities of molecular weight markers are given on the left. Figure 7 A model for ubiquitin's involvement in U4/U6-U5 triple snRNP accumulation and pre-mRNA splicing. The upper cycle depicts U4/U6-U5 triple snRNP assembly and disassembly 23 . The Brr2 ATPase promotes triple snRNP disassembly by catalyzing the unwinding of the U4 and U6 snRNAs 4, 23, 35, 36 . Our results indicate that the recognition of a Prp8-ubiquitin conjugate within the U4/U6-U5 triple snRNP suppresses Brr2-catalyzed disassembly. The lower cycle depicts a hypothetical model for ubiquitin's involvement in the complete pre-mRNA splicing pathway 4, 23, 24 . The U4/U6-U5 triple snRNP associates with the U2 snRNP-containing pre-spliceosome, and Brr2 can block this step by catalyzing triple snRNP disassembly; our results indicate that the recognition of a Prp8-ubiquitin conjugate suppresses Brr2 activity at this stage, allowing the triple snRNP to stably engage the pre-spliceosome. Once the spliceosome is assembled, the suppression of Brr2 activity is relieved (perhaps in part by the disruption of ubiquitin recognition), leading to U4/U6 unwinding and catalytic activation of the spliceosome. Upon spliceosome activation, Brr2 activity must once again be suppressed, to inhibit premature spliceosome disassembly probably due to Brr2-catalyzed U2/U6 unwinding 4 . We speculate that ubiquitin recognition is again involved in Brr2 inhibition at this stage. Once the splicing reaction is complete, the suppression of Brr2 activity is again overcome (perhaps in part by the disruption of ubiquitin recognition), leading to U2/U6 unwinding and spliceosome disassembly (ref. 4 ; E.C.S. and J.P.S., unpublished data). The points at which ubiquitin enters and exits the triple snRNP and spliceosome cycles are not known and are therefore omitted from the figure for clarity.
represses U4/U6 unwinding. Prp8-ubiquitin conjugates have also been identified, using a distinct methodology, in samples enriched for U4/U6-U5 triple snRNPs (S. Stevens, personal communication). Our finding that USP2, I44A ubiquitin and ubistatin A each accelerate U4/U6 unwinding strongly suggests that ubiquitin normally serves to suppress U4/U6 unwinding by Brr2, thus stabilizing the triple snRNP under steady-state conditions (Fig. 7) . We cannot exclude the possibility that ubiquitin recognition also has a role in promoting triple snRNP formation. Our detection of a Prp8-ubiquitin conjugate, and our previous demonstration of ubiquitin binding activity by Prp8's Jab1/MPN domain 16 , suggest a model in which Prp8 establishes an intramolecular interaction between its Jab1/MPN domain and conjugated ubiquitin. Prp8's affinity for ubiquitin is decreased with the I44A mutant 16 , and this could readily account for I44A ubiquitin's ability to disrupt triple snRNP accumulation. Furthermore, mutations in Prp8 that compromise its ubiquitin binding activity also diminish U4/U6-U5 triple snRNP levels 16 . In some cases, UBDs promote the ubiquitination of the proteins in which they reside, can limit the conjugation reaction to the addition of a single ubiquitin and can probably mediate intramolecular ubiquitin interactions 39 ; such roles are possible for the Jab1/MPN domain of Prp8.
We speculate that the formation of an intramolecular interaction between the Jab1/MPN domain of Prp8 and a conjugated ubiquitin could alter the conformation of Prp8 in a manner that diminishes its ability to activate U4/U6 unwinding by Brr2. Numerous subregions of Prp8 and Brr2 (and their human orthologs) have been shown to interact directly 20, 37, 40, 41 . The regions of Prp8 that interact with Brr2 include the C-terminal portion 20, 37, 40, 41 (which contains the ubiquitin-interacting Jab1/MPN domain 16 ) and also an N-terminal domain. Notably, these terminal regions of Prp8 also interact with each other 20, 40, 41 . If the temporal modulation of these multiple interactions helps to specify the functional state of the spliceosome, as seems likely 3, 4, 32, 37 , then the formation and dissolution of ubiquitin-Jab1/ MPN domain interactions could account for a subset of these structural and functional switches.
What catalyzes the ubiquitination events that regulate triple snRNP dynamics? Prp19 is unique in that it is both an essential splicing factor and an E3 ubiquitin ligase 14, 15 , although it is possible that other E3 splicing factors remain to be discovered. No in vivo targets of Prp19 E3 ubiquitin ligase activity have been reported, but our evidence that Prp8-ubiquitin conjugates exist within purified triple snRNPs suggests that Prp8 could be a target of Prp19's E3 ubiquitin ligase activity. Although our studies indicate that ubiquitin recognition helps to maintain U4/U6-U5 levels, previous work has shown that extracts immunodepleted of Prp19-containing complexes are competent for addition of the triple snRNP to the pre-spliceosome 42 . However, proteins ubiquitinated by Prp19 before depletion could remain in the extract after depletion and could conceivably participate in the maintenance of the U4/U6-U5 triple snRNP. The existence of a postsplicing 35S complex in humans containing Prp19, other components of the Prp19-containing NineTeen Complex (NTC) and U5 snRNP proteins 12 raises the possibility that Prp19-mediated ubiquitination of potential U5 snRNP protein targets could occur in this complex during spliceosome recycling, with the ubiquitinated form persisting through the reformation of the U4/U6-U5 triple snRNP.
It is possible that ubiquitin's role in controlling triple snRNP disassembly is partially redundant with that of Snu114 and its GTPase cycle 4 , given that both ubiquitin and GDP repress U4/U6 unwinding. Genetic interactions between snu114, prp19, prp8 and sad1 (ref. 43 ), all of which have been linked to ubiquitin 13, 15, 16, 18, 19 , could (together with our own work) reflect a network of physical and functional interactions that connect Prp19, ubiquitin, the U5 snRNP and splicing complex assembly and disassembly. Potential redundancy between the Prp19 ubiquitin conjugation cycle and the Snu114 GTPase cycle in controlling triple snRNP dynamics 43 could help to rationalize several puzzling observations, including (i) the persistence of robust splicing in vitro even after substantial ubiquitin depletion (Fig. 1), (ii) the apparent dispensability of Prp19 during early stages of spliceosome assembly 42 and (iii) the inability of GTP and GDP to modulate in vitro splicing activity in whole extracts, despite the well-established in vitro role of the Snu114 GTPase 4 .
Our discovery that ubiquitin recognition governs triple snRNP disassembly in no way precludes additional roles for ubiquitin in splicing. Several lines of evidence indicate that U4/U6 unwinding in the triple snRNP is mechanistically related to U4/U6 unwinding during spliceosome activation and to U2/U6 unwinding during spliceosome disassembly: all of these events seem to be driven by the Brr2 ATPase 4, 23, 35, 36 , and all are functionally linked to Snu114 and its guanine-nucleotide binding state 4, [43] [44] [45] . It is therefore possible that the role of ubiquitin recognition in inhibiting triple snRNP disassembly is recapitulated later in the splicing cycle: ubiquitin-UBD interactions may continue to repress U4/U6 unwinding during spliceosome assembly until the U4/U6 unwinding stage during spliceosome activation, or it may prevent the premature unwinding of U2/U6 during the catalytic steps until spliceosome disassembly, or both (Fig. 7) . A possible role in repressing premature U2/U6 unwinding is especially attractive, given the observation that Prp19 depletion leads to the premature departure of U5 and U6 snRNAs from the spliceosome following U4/U6 unwinding and catalytic activation 42 . Furthermore, ubistatin A promotes the disassembly of the U2/U6-U5-intron postsplicing complex 4 (E.C.S. and J.P.S., unpublished data), and apparent ubiquitin conjugates in post-splicing complexes have been detected in budding yeast (S. Stevens, personal communication). The activities of E3 ubiquitin ligases such as Prp19 are frequently counteracted by deubiquitinating enzymes 9 , and this may represent a mechanism for derepressing Brr2-dependent spliceosome dynamics.
Dynamic, multicomponent complexes that function in gene expression generally adopt several mechanisms to ensure efficiency and accuracy. The spliceosome is no exception. Our observation that ubiquitin recognition is important for maintaining U4/U6-U5 triple snRNP levels uncovers a discrete stage of spliceosome assembly that is modulated by ubiquitin. This not only points to a previously unrecognized means of regulating the splicing machinery, but also expands the scope of ubiquitin regulation into a new biochemical context.
METHODS
Strains. SUB592 (ref. 27 ) was used in all experiments except those noted below. In the SUB592 strain, all chromosomal ubiquitin genes were disrupted and a His 6 -myc-ubiquitin-encoding plasmid was present. SUB280 is isogenic with SUB592, except that the ubiquitin expressed from the plasmid lacks the His 6 and myc tags 27 . In experiments involving the immunoprecipitation of Prp8, we used strains PB2 (ref. 16 ) or PB592; in the latter, the endogenous PRP8 locus of SUB592 was tagged at the C terminus with a triple-HA tag. To assay triple snRNP disassembly, we used either the Brr2-TAP strain yJPS776 (Fig. 5a,b) or the Prp28-TAP strain yJPS1004 (ref. 4 ; Fig. 5c,d and Supplementary Figs. 6  and 7) . For the identification of ubiquitin conjugates, we generated strains yJPS1274 and yJPS1275, which are isogenic with strains SUB280 and SUB592, respectively, except that the endogenous BRR2 gene was TAP-tagged at the C terminus of the open reading frame.
Splicing extracts, ubiquitin depletion and in vitro splicing reactions. Splicing extracts were prepared as described 46 . For ubiquitin depletion, 100 ml of splicing extract prepared from SUB592 or PB592 was incubated on a Nutator at 4 1C for 45 min with 50 ml of Ni 2+ -NTA magnetic beads (Qiagen) that had been blocked with BSA; the supernatant was then collected and the procedure was repeated. The depleted extract was analyzed by western blotting using antimyc antibodies (Santa Cruz Biotech). Splicing reactions were done as described previously 46 , except for the addition of a 10-min incubation at 23 1C in the presence of ubistatin A or purified recombinant wild-type or mutant ubiquitin, before the addition of radiolabeled actin pre-mRNA substrate. The wild-type and mutant ubiquitins were either expressed and purified from Escherichia coli (Supplementary Methods online) or obtained from Boston Biochem, Inc. Ubistatin A was generously provided by the Drug Synthesis & Chemistry Branch of the National Cancer Institute (NSC665534). For splicing rescue experiments with monoubiquitin or K48-linked tetraubiquitin (Boston Biochem, Inc.), 20 mM ubistatin A was incubated with 1 mM monoubiquitin or 60 mM K48 tetraubiquitin in splicing buffer 46 for 10 min at 23 1C, followed by an additional 10-min incubation in splicing extract before the addition of radiolabeled actin pre-mRNA.
For additional methods, see Supplementary Methods.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
